The PROLONG study showed that patients with venous thromboembolism who had qualitatively abnormal results in a D-dimer assay (Clearview Simplify D-dimer) after discontinuation of vitamin K antagonism benefit from resumption of treatment with vitamin K antagonism. The objective of this study was to evaluate the possible advantage of using quantitative D-dimer assays.
Introduction
Unprovoked venous thromboembolism (VTE) recurs frequently after discontinuation of treatment with vitamin K antagonists with about 50% of patients suffering from recurrence within 10 years of the incident event.
The incidence of VTE recurrence does, however, vary with time and is highest (about 10-15%) over the 6-12 month period after the incident event.
1 Treatment with vitamin K antagonists is effective in preventing recurrent VTE, [2] [3] [4] but the duration of anticoagulation does not seem to affect the risk of recurrence once primary therapy for the incident event is stopped. [5] [6] [7] Since the risk of vitamin K antagonist-related bleeding does not decrease with time 3 months after the start of therapy 8 (but indeed increases with age), the benefit of prolonged vitamin K antagonism diminishes over time. Indefinite secondary prophylaxis with vitamin K antagonists in all patients with previous unprovoked VTE should, therefore, be carefully assessed and should be limited to those patients with the highest risk of recurrence.
Earlier prospective studies in patients with VTE [9] [10] [11] [12] demonstrated that D-dimer levels have a strong predictive value for the occurrence of subsequent episodes. These studies suggested that D-dimer measurement may have a role in gauging the duration of anticoagulation in patients with VTE. The recently published PRO-LONG study, 13 a prospective, randomized, multicenter study investigating patients after a first episode of symptomatic unprovoked VTE, showed that patients with abnormal D-dimer levels after withdrawal of anticoagulation had a higher rate of VTE recurrence than those with normal D-dimer levels and benefited from resumption of anticoagulation.
Since PROLONG was a multicenter study and Ddimer measurements needed to be performed with the same test in all participant centers, a qualitative Ddimer assay was chosen (Clearview Simplify D-dimer by Inverness Medical Professional Diagnostics). This test can be performed on citrated whole blood and the result (negative or positive) evaluated visually. In principle, however, the accuracy of D-dimer assays may be enhanced by using quantitative tests with appropriate cut-off values.
The present study retrospectively analyzed a subgroup of patients enrolled in the PROLONG study. Its main aims were to assess the performance of four quantitative D-dimer methods to predict the risk of VTE recurrence and to verify whether the adoption of different cut-off values may help to distinguish better between subjects with higher or lower risk of recurrence.
Design and Methods

Patients and study design
As described in detail elsewhere, 13 the PROLONG study was a multicenter prospective study performed in 30 centers belonging to the Italian Federation of Thrombosis Centers (FCSA). In brief, between September 2002 and January 2005, consecutive patients referred for a first episode of symptomatic unprovoked VTE, including proximal deep vein thrombosis (DVT) of the legs and/or pulmonary embolism (PE), and who were treated with a vitamin K antagonist for a minimum of 3 months were eligible. Unprovoked VTE was defined as episodes not associated with pregnancy or puerperium, recent (i.e. within 3 months) fracture or plaster casting of a leg, immobilization with confinement to bed for 3 or more consecutive days, surgery with general anesthesia lasting 30 or more minutes, active cancer, antiphospholipid antibody syndrome, or antithrombin deficiency. At the end of the vitamin K antagonist treatment, candidate subjects had a medical examination to assess their baseline clinical condition. Patients were instructed to stop oral anticoagulation immediately and refrain from taking any other antithrombotic drugs until the next visit, scheduled after 30±10 days. At that visit, D-dimer levels were assessed using the qualitative Clearview Simplify Ddimer assay. Patients with normal Clearview Simplify D-dimer results (n=385) did not resume anticoagulation, whereas those with abnormal results were randomized to either resume (n=103) or not (n=120) anticoagulation with a vitamin K antagonist, with the aim of maintaining the International Normalized Ratio (INR) between 2.0 and 3.0, during the entire follow-up period of 18 months. From the assignment visit, all patients were followed up for a maximum duration of 18 months and were seen at the clinical center at 3-to 6-month intervals. The results were analyzed according to the intention-to-treat principle. The Ethics Committee of all participating clinical centers approved the study. All enrolled patients provided written informed consent.
At the visit scheduled 30±10 days after interruption of vitamin K antagonist treatment, besides performing the Clearview Simplify D-dimer assay, the participating centers were also asked to collect plasma aliquots for further centralized analyses; a total of 386 plasma aliquots were collected and stored in 14 participating centers. The present analysis was centrally performed using plasma samples from 321 patients, 240 with normal Clearview Simplify D-dimer results and 81 with abnormal results; the 65 samples collected from subjects with abnormal Clearview Simplify D-dimer results who had been randomized to resume treatment with vitamin K antagonist were excluded.
This analysis considered the same outcome as in the PROLONG study: objectively documented recurrence of DVT and/or PE.
13
Blood sampling and D-dimer tests
Blood was collected from the antecubital vein into 0.129 mmol/L trisodium citrate; plasma was prepared by centrifugation for 20 min at 2000 g at room temperature. Platelet-poor plasma was distributed into coded plastic tubes, snap-frozen and stored locally at -70°C. Frozen aliquots were then sent by courier to the coordinating center in dry ice and stored at -70°C. The Clearview Simplify D-dimer assay (Inverness Medical Professional Diagnostics, Bedford, UK and Luisville, Colorado, USA; kindly provided by Instrumentation Laboratory, Milan, Italy) was performed locally in each center on fresh citrated whole blood.
In the present study, we report the results obtained with four quantitative D-dimer assays which were performed centrally in the laboratory of the co-ordinating center at the end of the follow-up of the PROLONG study. These D-dimer tests were performed (after thawing the frozen aliquots for 5 minutes in a waterbath at 37°C) by technicians unaware of the clinical characteristics of the patients. The following assays were performed: (i) VIDAS D-dimer Exclusion (bioMerieux, Lyon, France; kindly provided by the manufacturer) on a VIDAS apparatus (bioMerieux); the calibration curve stored in the memory for each lot was reset every 14 days using a provided calibrator; (ii) Innovance D-DIMER (Dade Behring, Marburg, Germany; kindly provided by the manufacturer) on a BCS instrument (Dade Behring); calibration was performed using the calibrator included in the kit and was carried out monthly or when a new lot was used; (iii) HemosIL D-dimer HS (Instrumentation Laboratory; kindly provided by the manufacturer) on an ACL TOP instrument (Instrumentation Laboratory); calibration was performed using the D-dimer calibrator included in the kit and was carried out monthly or when a new lot was used; and (iv) STA Liatest D-dimer (Diagnostica Stago, Asnieres-sur-Seine, France; kindly provided by Roche Diagnostics, Monza, Italy) on a STA Compact instrument (Diagnostica Stago); a calibration curve stored in the memory for each lot was used.
The results of VIDAS D-dimer Exclusion, Innovance D-DIMER and STA Liatest D-dimer are expressed in ng/mL of fibrinogen equivalent units, since these assays use crude plasmin digested lysates of cross-linked fibrin clots as calibrators. The calibrator used in the HemosIL D-dimer HS assay, however, consists of purified Ddimer fragments obtained from a plasmin-digested clot and so the results of this assay are expressed in ng/mL of D-dimer units. Since one D-dimer unit corresponds roughly to two fibrinogen equivalent units, the values obtained with the HemosIL D-dimer HS are expected to be about half those of the other assays.
Statistical analysis
Continuous variables are presented as median (range). Hazard ratios (HR) and 95% confidence intervals (CI) were calculated using a Cox proportional-hazard model. The SPSS statistical software package (Version 11.0, Chicago, Ill, USA) was used for data processing.
Results
The demographic and clinical characteristics of the 321 patients whose plasma samples were analyzed in the present study are presented in Table 1 . As shown in the table, no differences were found in the characteristics between these patients and those included in the original PROLONG study who did not resume treatment with a vitamin K antagonist (n=505).
The Table 2 shows the results calculated for each quantitative D-dimer assay using the cut-off value indicated by the manufacturers for diagnostic strategies regarding exclusion of VTE in symptomatic patients. The results, also calculated at different cut-off levels (see Figure 1 VIDAS D-dimer Exclusion = 800 ng/mL; Innovance D-DIMER = 800 ng/mL; HemosIL D-dimer HS = 300 ng/mL; and STA Liatest D-dimer = 700 ng/mL. We also calculated the incidence rate of VTE recurrence per 100 person-years in patients with abnormal and normal Ddimers results using different cut-off levels for each quantitative D-dimer assay (Figure 2 ). At the cut-off levels providing the results most comparable to those obtained with the Clearview Simplify D-dimer assay, Cut-off levels (ng/mL) 0 100 200 300 400 500 600 700 800 900100011001200 Cut-off levels (ng/mL) 0 100 200 300 400 500 600 700 800 900 100011001200 Cut-off levels (ng/mL) 0 100 200 300 400 500 600 700 800 900 100011001200 Cut-off levels (ng/mL) 0 50 100 150 200 250 300 350 400 450 500 550 600 Cut-off levels (ng/mL) 0 50 100 150 200 250 300 350 400 450 500 550 600 Cut-off levels (ng/mL) 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 Cut-off levels (ng/mL) 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 Cut-off levels (ng/mL) the incidence rates in patients with abnormal/normal D-dimer levels were: VIDAS D-dimer Exclusion = 11.6/3.5 per 100 person-years; Innovance D-DIMER = 12.2/2.9 per 100 person-years; HemosIL D-dimer HS = 11.4/3.9 per 100 person-years; and STA Liatest D-dimer = 13.2/4.8 per 100 person-years. Hazard ratios were also calculated according to the patients' age (≤70 vs. >70 years). For quantitative Ddimer assays, results were calculated using a unique cut-off level (that giving results most comparable to those obtained with the Clearview Simplify D-dimer assay, mentioned above and presented in Table 2 ). As shown in Table 3 , the risk of VTE recurrence was significantly higher in patients with abnormal vs. normal D-dimer levels according to both the qualitative and all the quantitative D-dimer assays only among the patients ≤70 years old. Furthermore, the percentage of patients with abnormal D-dimer levels in both qualitative and quantitative D-dimer assays was significantly higher (2-to 3-fold) in patients aged over 70 than in those ≤70 years old.
Results were also calculated for the quantitative Ddimer assays using different cut-off levels according to the patients' age (data not shown). Table 4 reports the results obtained in patients aged ≤70 and > 70 years. For each assay the results calculated using the lowest cut-off level giving a statistically significant hazard ratio are reported (patients aged ≤70 years: VIDAS Ddimer Exclusion = 600 ng/mL, Innovance D-DIMER = 500 ng/mL, HemosIL D-dimer HS = 250 ng/mL, and STA Liatest D-dimer=700 ng/mL; patients aged >70 years: VIDAS D-dimer Exclusion=1200 ng/mL; Innovance D-DIMER=900 ng/mL; HemosIL D-dimer HS = 450 ng/mL; STA Liatest D-dimer = 1000 ng/mL). As shown in Table 4 , to obtain statistically significant hazard ratios higher cut-off levels should be used for elderly patients.
Discussion
D-dimer levels are currently the most widely used laboratory marker for in vivo clotting activation, mainly due to their important role in excluding VTE in symptomatic patients. [14] [15] [16] [17] Despite the widespread use of Ddimer measurement, clinicians are puzzled by the high variability in numerical results produced by the different methods now available. Indeed, one of the main problems of D-dimer assays is that it is not currently possible to standardize results from different assays, [18] [19] [20] [21] [22] [23] making it difficult to extrapolate results from one setting to another. Each assay should, therefore, be validated separately by rigorous clinical and management studies.
Recently, the PROLONG study 13 evaluated the role of D-dimer levels in tailoring the duration of treatment with a vitamin K antagonist in patients with a previous unprovoked VTE episode. The results of that study indicate that patients with altered D-dimer levels, assessed 1 month after withdrawal of vitamin K antagonism, have a significantly higher risk of VTE recurrence and benefit from prolonged treatment with a vitamin K antagonist. As PROLONG was a multicenter study, the same D-dimer test needed to be used in all participating centers. The qualitative Clearview Simplify D-dimer assay was chosen for this purpose; this assay can be performed on citrated whole blood and does not require any instrumentation. The use of qualitative D-dimer tests is not generally recommended; observer-independent tests should be preferred in daily clinical practice in which operating conditions are less stringent than those in clinical studies. test is to be used in clinical practice to stratify the risk of VTE recurrence, assays other than that used in the PROLONG study need to be independently assessed with a similar management study. Some indications can, however, be drawn from the present study, which evaluated different quantitative D-dimer tests using frozen plasma from patients enrolled in the PROLONG study.
The present analysis shows that quantitative Ddimer assays may be useful in evaluating a patient's individual risk of VTE recurrence following a first unprovoked event. These assays seem particularly advantageous since they allow the selection of different cut-off levels according to a patient's characteristics. We found that when the cut-off levels validated for use in diagnostic strategies for exclusion of VTE in symptomatic patients were used, even when assessing VTE recurrence risk, the percentage of subjects with abnormal D-dimer results was higher than that recorded in the qualitative assay; as a consequence, the rate of VTE recurrence in subjects with abnormal D-dimer levels was lower than that recorded in the PROLONG study. These data suggest that slightly higher cut-off levels than those used in diagnostic strategies used to rule out VTE (usually around 500 ng/mL for D-dimer assays whose results are expressed in fibrinogen equivalent units and around 250 ng/mL for those whose results are expressed in D-dimer units) 24 may be better suited for predicting the risk of recurrence.
As shown in Figures 1 and 2 , when cut-off levels were increased, the percentage of subjects with altered results decreased and the rate of recurrence increased; in contrast, the rate of recurrence in subjects with normal D-dimer levels remained substantially unchanged. It seems, therefore, that selection of a progressively higher D-dimer cut-off does not translate into a lower negative predictive value. Our interpretation of these data is that an abnormal D-dimer level is a stronger positive predictor for the risk of VTE recurrence than a normal D-dimer level is a negative predictor.
It is well known that D-dimer levels increase with age, particularly in the presence of co-existing functional impairment, because of a combination of factors, including reduced renal clearance, increased fibrinogen levels and the presence of occult disease. 25, 26 It has been shown that in healthy subjects D-dimer levels are approximately four times higher in the highest age quartile. 25 As a result, it has been reported that the specificity and hence diagnostic utility of D-dimer measurements for excluding VTE is lower in older patients. [27] [28] [29] In one study, it was shown that the specificity of the VIDAS D-dimer assay improved when a higher cut-off level was used in elderly patients without any decrease in sensitivity. 30 The PROLONG study showed that abnormal Clearview Simplify D-dimer results were significantly associated with an increased risk of VTE recurrence; however, analyzing the results according to the age of the patients, it was found that the association did not reach statistical significance in patients aged >70 years. Similar results have been obtained for quantitative assays when a single cut-off level is used for all patients. A theoretical advantage of using quantitative D-dimer tests is that different thresholds discriminating between abnormal and normal can be used according to the patients' characteristics. The present results support the use of different cut-off levels depending on a patient's age. Indeed, using a higher cut-off value, abnormal D-dimer results in the study were associated with a significant increase in the risk of VTE recurrence even in elderly patients.
Some important limitations of the present study need to be pointed out. First and foremost, this was a posthoc analysis of a prospective study. It is likely that the hazard ratios calculated for the quantitative assays were exaggerated since cut-off levels were determined knowing which subjects had or had not had recurrent VTE. Second, not all the patients enrolled in the PRO-LONG study could be evaluated in the present analysis because of the unavailability of frozen plasma aliquots and the exclusion of those patients who had been randomized to resume treatment with a vitamin K antagonist. The number of patients examined was, therefore, lower than that in the PROLONG study; in particular the number of recurrent VTE events was low, thus affecting the accuracy of the findings and widening the confidence intervals of estimates. This limitation is even greater when different subgroups of patients were analyzed according to age. Finally, each D-dimer assay should be evaluated in specifically designed management studies to prospectively validate their use in assessing the risk of VTE recurrence. 31 We do, however, believe that the present results can be of some use for further prospective studies.
